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ton 1994, Bever et al. 1997 , Olff and Ritchie 1998 , Ritchie and Olff 1999 . Several studies indicate that physical and chemical soil processes (Caldwell et al. 1996 , George et al. 1997 ) and herbivorous/pathogenic soil organisms (van der Putten et al. 1993 , Bever et al. 1997 , Mills and Bever 1998 , van der Putten and van der Stoel 1998 can be involved in the creation of microsites that are favoured by different plant species. Other studies stress the role of aboveground herbivores (Louda et al. 1990 , Berg et al. 1997 , Olff and Ritchie 1998 , Knapp et al. 1999 . Few attempts have been made however to investigate the interactions between above-and belowground organisms and the consequences of these interactions for small-scale spatial patterns in species distributions (Dobson and Crawley 1994 , McGinley et al. 1994 , Bardgett et al. 1998 , Milchunas et al. 1998 , Mortimer et al. 1999 , Strong 1999 .
In this study, we explore the interactions between plants, aboveground vertebrate herbivores (rabbits and cattle), subterranean ants and soil-borne pathogens. In particular, we will address the critical role of the yellow ant (Lasius fla6us F.) in this interaction web.
Direct effects of Lasius fla6us mounds on plants include the biting of leaves and roots, transportation of seeds, and the covering of plants with soil (Woodell and King 1991) . This soil heaping on the surface of mounds seems to be a particularly powerful factor in creating vegetation heterogeneity, both directly by smothering and indirectly by creating competition-free space (King 1977a, b, c) . Furthermore, the ants may indirectly affect plants by responding to aboveground grazers, by changing soil properties, by tending of plant-feeding root aphids, by affecting erosion and by attracting mammals and birds to the mounds (Way 1963 , Pontin 1963 , 1978 , Woodell and King 1991 .
Although the effects of the mound-building activity of L. fla6us on the vegetation and on abiotic soil properties have been the subject of several studies (see, e.g., Woodell and King 1991, Dean et al. 1997) , the effects of the yellow ant on other soil biota and their interactions with aboveground grazers are poorly known. By bringing soil from below the rooting zone to the surface, the ants may have various direct and indirect effects on various harmful soil biota, such as nematodes, soil-borne pathogenic fungi and soil insects. Various studies show that these organisms can be powerful determinants of natural plant community composition and dynamics (van der Putten et al. 1988 , Brown and Gange 1990 , Bever 1994 , van der Putten and Peters 1997 . The abundance of soil pathogens is expected to be lower in the 'fresh' soil that the ants deposit on top of the existing vegetation, both because of negative effects of soil transport on soil pathogens and because of low pathogen density in subsoil which has not been in contact with plant roots (de Rooij-van der Goes et al. 1997) . Also, Lasius fla6us mounds are usually built from smaller soil particles than the average soil and their bulk density and moisture content is generally lower (Wells et al. 1976 , King 1977a , Woodell and King 1991 . Furthermore, ants have been observed to be able to remove (eat) parasitic nematodes from their brood and from their own bodies (Kermarrec 1975 , Drees et al. 1992 , opening the possibility of direct effects on other nematode feeding groups (e.g., plant-parasites).
Soil-borne pathogens, in turn, can affect the morphology and performance of plant species. Exposure to soil pathogens caused a reduced biomass, shorter and fewer rhizomes and fewer secondary branches in Carex arenaria L. (D'Hertefeldt and van der Putten 1998). Moreover, rhizomatous and stoloniferous species have been known to respond morphologically to abiotic soil characteristic (de Kroon and Hutchings 1995) . Since ants may change chemical, physical and biotic soil properties, they could thus indirectly affect the morphology and performance of plants.
It is generally supposed that the mound-building habit of ants arises from the need to regulate the temperature in the mound, particularly with respect to the high temperatures needed for optimal brood rearing (Woodell and King 1991, Dean et al. 1997) . Some evidence exists that yellow ants build larger mounds when the vegetation becomes taller, abandoning their nests altogether if the vegetation becomes too tall (Pontin 1963 , Wells et al. 1976 , King 1977b . As a consequence, aboveground herbivores may control the digging activity of ants indirectly by controlling the height of the vegetation, and hence may have an indirect impact on pathogenic or herbivorous soil biota like plant-parasitic nematodes.
The aim of this study was to gain insight into these interactions between plants, above-and belowground herbivores and ants, and in their role in the formation and maintenance of small-scale spatial mosaics in plant community composition in natural grasslands. We investigated the effect of local exclusion of aboveground herbivores (resulting in vegetation height differences) on ant digging activity. We quantified the influence of ant mounds on abiotic soil properties and on nematode community structure. The effects of Lasius fla6us ant mounds on the overall plant species composition and specifically on the biomass and rhizome architecture of Carex arenaria L. were measured. Finally, we investigated in a bioassay using soil sterilisation if the soil communities from ant mounds and from the surrounding soil were different in their net impact on two abundant plant species (Carex arenaria (dominant on mounds) and Festuca rubra L. (dominating the vegetation between mounds)). OIKOS 90:3 (2000) 583
Methods

Description of research area
The field part of this study was conducted in the Junner Koeland nature reserve along the river Vecht, the Netherlands (52°32%N, 6°36%E), an area managed by the Dutch National Forest Service (Staatsbosbeheer). The whole area covers 100 ha of grassland, shrub thickets (mainly Prunus spinosa L.) and woodland (dominated by Quercus robur L.). Without grazing, succession in this area would proceed to a closed oak forest . Since structurally diverse landscapes generally increase botanic and faunal diversity , cattle (Bos taurus L., average density of 1 animal/5 ha) graze the area during the summer. Rabbits (Oryctolagus cuniculus L.) are also present at strongly fluctuating densities. During this study the density was low, approximately 2 animals/ha. Soils consist of sandy loam and the terrain is undulating with height differences of a few metres due to river dune formation in the past. Gley characteristics start below 30 cm and the water table is below 120 cm. The experiments were performed at a well-drained open grassland site (ca 10 ha) grazed by cattle and hosting a high density (ca 1 mound on 4 m 2 ) of nests of the yellow ant, Lasius fla6us. The average height of the ant mounds in this area is 18 cm, the mean diameter is 75 cm and the average (aboveground) mound volume is 0.055 m 3 (Blomqvist et al. unpubl.) .
According to Woodell and King (1991) , the belowground foraging tunnels of the ants may extend up to one metre around the mound. The grassland vegetation consists of a rather species-rich plant community with an annual productivity of 400 -500 g m − 2 yr
, and contains several endangered plant species that are characteristic for weakly acid, nutrient poor, moist sandy soils. This community has become rare in the Netherlands due to intensification of agricultural practices. Dominant plant species include Agrostis L. sp., Carex arenaria, Holcus lanatus L., Festuca filiformis Pourr., Festuca rubra, Deschampsia flexuosa (L.) Trin. and Luzula campestris (L.) DC.
Experimental set up
All field measurements (except for studying the longterm effect of grazer exclosure on mound building, 4b) and the greenhouse experiment were carried out in the summer of 1998. In an area of 150 ×150 m 2 , ten blocks of 10 × 10 m 2 each were randomly selected. In each block five occupied ant mounds were randomly chosen, which were paired with a randomly chosen adjacent plot of a similar size representing the surrounding area. Two such pairs of mound-surrounding area plots were situated inside a grazing cage (design I, Fig. 1A ). The cages (3 m long, 1 m wide, 1 m tall, steel frame covered Fig. 1 . Experimental layout of the plots per block of the two main field experimental designs used in this study. (A) Plot layout per block for investigation of mound building, vegetation composition, soil characteristics and nematodes (Design I). Ten such replicated blocks were laid out in an area of 150 ×150 m. Each block contained ten paired mounds and surrounding plots. The mounds were randomly selected from all mounds within the block; therefore the exact location of mounds varied from block to block. Plots 1-8 (two moundsurrounding pairs within and two pairs outside the cage) were used for the vegetation analysis (1), and for measuring the effect of grazing on the vegetation height and mound-building activity (ten replicates per plot) (field measurements 4a). All other field measurements (biomass (2), rhizome (3), soil (5), and nematode (6) samples and the soil for the bioassay experiment (7)) were carried out in plots 9 and 10 (one measurement per plot). (B) Plot layout per block for the analysis of the effect of 5-yr exclosure of different aboveground herbivores on mound height (Design II). Five such blocks were established in 1994 in an area of 200 ×100 m. Each block consists of three plots with a different fencing treatment in order to exclude first cattle (-cattle), and then also rabbits ( -rabbits), leaving voles as the only aboveground vertebrate herbivore ( + voles). In each plot, 100 vegetation height measurements and five mound height measurements were carried out. The ant mounds that were measured were selected at random from all mounds within the plot. Therefore, the exact spatial location of mounds varied from plot to plot.
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OIKOS 90:3 (2000) by chicken-fence) were placed in the field at the beginning of the growing season of 1998. Six types of measurements were carried out: plant species composition (1), aboveground biomass in the field (2), Carex arenaria rhizome architecture in the field (3), vegetation height and mound-building activity (4a and b), soil abiotic properties (5) and nematode composition (6). In addition, a bioassay experiment (7) was performed in order to investigate the effect of soil biota on C. arenaria and F. rubra.
In each block, the measurements for the plant species composition (1) and the vegetation height and mound-building activity (4a) were carried out in two paired plots where grazing was allowed, and in two paired plots which were non-grazed. In total, the four paired plots per block and ten blocks resulted in 80 plots where these measurements were carried out (Fig.  1A, plots 1-8) . The remaining plots (1 paired plot per block where grazing was allowed, adding up to 20 plots for the whole experiment; see Fig. 1A , plots 9 and 10), were used for clipping the vegetation and collecting soil and Carex arenaria rhizomes.
On 18 May 1998, in the 20 plots used for clipping, the biomass was cut from an area of 25 × 50 cm 2 and kept frozen at −20°C until further analysis. Segments of Carex arenaria rhizomes (approx. 30 cm long) were extracted from a depth of 5-25 cm below the soil surface, stored at +5°C and analysed two days later. Bulk soil samples (about 10 l from each plot) were collected with a hand shovel to be used for soil and nematode analyses, as well as for the bioassay. In the mounds, soil was taken from the centre, at a depth of about 5-15 cm below the soil surface. This depth ensured a soil sample to be collected directly below the most densely rooted zone but still above the soil surface of the surrounding soil. The soil collected from the mounds, therefore, was originally brought up by the ants. In the surrounding plots, soil samples were collected directly underneath the most dense rooting zone at a depth of 5-25 cm.
Each soil sample was carefully sieved using a mesh size of 8 mm to exclude coarse fractions. As rhizomes would be able to regenerate (D'Hertefeldt and van der Putten 1998), they were removed as well. The roots sieved from each sample were cut into small pieces and mixed back into the same soil sample. All tools and hands were sterilised with 80% alcohol before handling the next soil sample. Subsequently, 0.5 l of soil from each plot was stored at +5°C and nematodes were extracted within two weeks. The remaining soil (used for measurements of soil abiotic factors and the bioassay experiment) was divided into two parts: 6 l was stored at +5°C and 4 l was sent to Gammaster b.v., Ede, for sterilisation by gamma irradiation (25 kGy). During storage or processing, all soil samples were stored in closed plastic bags to prevent desiccation.
Field measurements
Plant species composition
At the end of July 1998, the presence and abundance of all plant species were determined in the 80 grazed and ungrazed (cattle and rabbits excluded) ant mounds and surrounding plots (plots 1 -8, Fig. 1A ). Both for mounds and surrounding plots, we used a circular design with a diameter of 70 cm, as this reflected the mean diameter of all mounds involved. The percentage cover of each plant species was visually estimated. The amount of bare soil was also estimated.
Abo6eground biomass in the field
In the lab, the 20 clipped vegetation samples (from plots 9 and 10, Fig. 1A ) were defrosted and Carex arenaria was separated from the rest of the vegetation. Samples were dried at +70°C for 3 -4 d and plant biomass of C. arenaria and the other vegetation were weighed separately.
Architecture of Carex arenaria in the field
The sedge C. arenaria is a clonal plant with extensive underground rhizomes, which consist of a series of sympodial units, each unit built up of four visible internodes (Noble et al. 1979 , Tietema 1981 , D'Hertefeldt and van der Putten 1998). In the present study, nodes were divided into two main groups: 1) nodes without shoots and 2) nodes leading to aerial shoots. The first group was a broad composite group including dormant buds, dead buds, dead and broken-off branches, and emerging buds without visible leaves. The second group included nodes leading to living or dead shoots. Shoots were classified as living if any green could be detected on the leaves. Intact secondary branches were hardly ever encountered; since shoots were always present at or near the junction, the secondary branches and their shoots were included in the group of nodes leading to shoots. From each of the 20 plots (plots 9 and 10, Fig. 1A ), ten rhizome axes were examined. The number of each node type and the number of shoots per node were recorded. In addition, internode length was calculated in two ways: a) by measuring the total length of eight internodes ( =two sympodial units) and dividing this length by eight, and b) by measuring the length of the whole rhizome axis divided by the number of nodes, which was further divided by four (the number of internodes per node). OIKOS 90:3 (2000) 4. Vegetation height and mound-building acti6ity a) The vegetation height (on 40 mounds and 40 surrounding plots, plots 1-8, Fig. 1A ) and mound-building activity (40 mounds, plots 1, 2, 5 and 6, Fig. 1A ) were measured along transects in each plot. Two vertical poles were firmly placed on both sides of the mounds one metre apart. Since literature indicates that the building activity is strongest on the south side (Schreiber 1969 , Dlussky 1981 , all transects on the mounds were positioned in a S-N direction. The two poles marking the transect in the surrounding plots (used only for vegetation height measurements) were located in a random direction since no gradient was expected on the horizontal surrounding soil. From April to August, every 2-5 weeks, the vegetation height and mound-building activity were measured along these transects. Measurements were done at 10-cm intervals, adding up to nine measurements per plot per date. The vegetation height was measured using a stick with a measuring scale and a round polystyrene disc (10 cm diam., 27 mm thick, weighing 7.00 g) with a hole in the centre. The stick was placed vertically on the ground, the disc was released at about 1 m height. The height where the disc remained resting on top of the canopy was recorded. The mound-building activity of the ants was measured by putting a one-metre-long bar horizontally across the two vertical poles marking a transect across the mound, after which the height of the mound was measured at right angles. The growth measurements were made by carefully dropping a light measuring stick onto the mound, after which the height to the underside of the horizontal transect was recorded (1 cm precision). The incident and cumulative mound growth were calculated by subtracting later measurements from previous ones.
b) In addition, on 4 May 1999, the heights of Lasius fla6us ant mounds were measured in existing grazing exclosures under three different grazing regimes (four years of grazer exclusion) where (1) voles, (2) voles+ rabbits, and (3) voles +rabbits+ cattle were present (Design II, Fig. 1B ) (H. Olff, E. S. Bakker unpubl.). These exclosures are part of a long-term experiment on the effect of different-sized aboveground herbivores on grassland community structure. We used this experiment to study the long-term effects of the local exclusion of aboveground herbivores on mound-building by the ants. The design is non-factorial due to inherent practical problems in allowing access by small herbivores while excluding large species. Measurements were made in five replicate plots (15 × 15 m) per grazing treatment, averaging over five measurements within each plot (Fig. 1B) . The vegetation height was measured as described above in the same plots on 6 August 1998 (four-year grazer exclusion), averaging over 100 measurements within each plot.
Soil measurements
Soil properties
The effect of the mound-building activity of the ants on soil physical and chemical properties was assessed by comparing the soil characteristics in ten mounds and ten surrounding plots (plots 9 and 10, Fig. 1A ). Soil moisture content was determined by calculating the difference between the weight of the soil before and after drying for 4 d at +70°C. The soil pH was measured after adding 50 ml of a 1 M KCl solution to 20 g soil (field moisture content). Ammonium (NH 4 + ) and nitrate (NO 3 − ) concentrations were analysed with an auto-analyser after extraction with 1 M KCl and soil phosphate (PO 4 3 − ) after extraction with CaCl 2 . Total soil P and N were analysed with an auto-analyser after destruction in a mixture of H 2 SO 4 + Se+salicilic acid. Bulk density was measured using 100-ml volumetric rings. Soil organic matter was determined by drying the soil samples at 105°C overnight, after which the weight loss after ignition at +550°C for 3 h was calculated. Values were calculated both on a per weight and on a per volume basis. To investigate the effect of sterilisation on soil chemical characteristics, properties were measured both in 1) unsterilised soil stored at + 5°C and in 2) sterilised soil.
Nematode densities and species composition
Nematodes were isolated from 100 ml soil (collected from the same bulk samples as used for the soil chemical analysis and greenhouse experiment) using the Oostenbrink elutriator (Oostenbrink 1960) , the remaining roots were put in a mistifier to extract nematodes from roots. The extracted nematodes were subsequently counted, fixed and identified in mass slides. The Tylenchidae were divided into two groups: the Coslenchus group, also including Aglenchus, which are characterised by relatively robust stylets and the Filenchus group, which also included Basiria. The maturity index (MI), the plant parasitic index (PPI) and the PPI/MI-ratio were calculated following Bongers (1990) and Bongers et al. (1997) . Classification to trophic groups was done according to Yeates et al. (1993) . Number of nematodes and species composition in mounds and in the surrounding soil were compared.
Bioassay
The effect of the total soil biota on the growth of Carex arenaria and Festuca rubra was investigated in a greenhouse experiment, using the same bulk soil samples as used for the nematode and chemical analyses. Seeds of C. arenaria and F. rubra, which 586 OIKOS 90:3 (2000) had been collected from Junner Koeland the previous summer, were sown on fine silver sand, germinated at 25/15°C and grown for 5-6 weeks. In order to be able to grow both C. arenaria and F. rubra in soil samples from the same origin, each of the ten mounds and of the ten surrounding soil samples mentioned above, as well as their sterilised equivalents (20 × 2= 40 samples), were split over two 1.0-l pots, resulting in 80 pots altogether.
The sterilisation was done in order to detect the effects of the soil biota alone on the growth of the plants, 'excluding' the effects of differences in soil abiotic factors such as moisture and nutrients. Since sterilisation eliminates both beneficial and harmful soil organisms, sterilisation may have both positive and negative effects on plant growth. The net effect of sterilisation on plant growth is determined by the balance between positive and negative effects; a smaller biomass production in unsterilised soil than in sterilised soil indicates a larger effect of harmful organisms, whereas a larger production in unsterilised soil indicates a larger effect of beneficial soil organisms (see also, e.g., van der Putten et al. 1988, van der Putten and Peters 1997) .
All pots were filled to contain the same dry weight of soil (1000 g) and moisture content was kept at 15% w/w (similar to that found in the field) by watering 2 -3 times a week. Tin foil was placed over the pots to prevent desiccation and growth of algae. Four seedlings of each species were planted in monoculture in each pot through holes in the tin foil. This resulted in 40 pots with C. arenaria and 40 pots with F. rubra. Within each plant species, half of the pots contained 'mound' soil, while half of the pots contained 'surrounding' soil, and within this, half of the pots contained sterilised soil while half of the pots contained non-sterilised soil. On 28 May 1998, the pots were placed randomly in a greenhouse at a temperature of 20/15°C without additional illumination (day length 14.5-16.5 h during experiment). The position of the pots in the greenhouse was re-arranged weekly to avoid structural effects of position. During the first two weeks, seedlings which were unable to establish were replaced.
In order to avoid side effects due to differences in initial soil fertility and any possible nutrient enhancement due to the sterilisation process itself, nutrients (full strength Hoagland solution) were added to the pots, starting on day 12 after the planting of the seedlings. Nutrients were added once a week, starting with 12.5 ml. In order to meet the increasing demands of growth, the doses were increased to 25 ml after two weeks. After 12 weeks the number of surviving genets and shoots were counted and the plants were harvested. Shoots, roots and rhizomes were collected and dried at 70°C for 2-4 d, after which the dry biomass was determined.
Data analysis
The effects of site or soil type (mound/surrounding), grazing (ungrazed/grazed), sterilisation (unsterilised/ sterilised) and plant species (C. arenaria/F. rubra) on the different response variables were tested using twoand three-way ANOVAs, followed by Tukey HSD contrasts. In order to homogenise the variances, observed nematode numbers (n) were log (n+ 1) transformed before to the analysis. Nematode densities were also calculated per volume of soil before differences between mounds and surrounding plots were tested with a oneway ANOVA. Biomass values observed in the greenhouse experiment were ln-transformed before ANOVA. The effect of sterilisation on plant biomass was calculated as the proportional reduction in biomass before and after sterilisation as: 1 -(biomass unsterilised/ biomass sterilised) (van der Putten et al. 1993, van der Putten and Peters 1997) . The pairs of unsterilised and sterilised biomass were always grown in soil originating from the same field plot (parts of the same bulk sample).
Finally, we used multivariate ordination techniques to explore whether specific nematode taxa preferred or avoided ant mounds, and to study which environmental factors had the largest impact on their community composition. We used detrended correspondence analysis (DCA, Hill 1979) to investigate the length of the longest underlying environmental gradient. This technique indicates whether the species responses to the underlying environmental factors can be approximated best by a linear model or by a unimodal model (with an optimum). This information then directs the choice toward ordination techniques based on a linear response (as principal component analysis (PCA) and redundancy analysis (RDA)), which use a linear multiple regression approach, or to techniques based on unimodal response models (detrended correspondence analysis (DCA) and canonical correspondence analysis (CCA)), which use weighted averaging as an ordination algorithm (ter Braak 1995). For our data, the underlying gradients were found to be short, leading to PCA and RDA. With PCA, the sites are ranked along an imaginary axis in such an order that the differences between species in the slope of their response to this axis are maximised (i.e., indirect ordination). It thus finds an order of sites that most likely represents the ranking of sites along the main environmental gradient determining the species composition. Depending on their correlation structure, individual environmental factors can co-vary along such a main environmental gradient. Subsequent ordination axes (other environmental gradients) are similarly derived using the residuals from all previous axes. We then applied RDA, which is a similar technique, but with the limitation that the axes scores of the sites (representing the environmental gradient) are always constrained to be the OIKOS 90:3 (2000) result of a multiple regression equation of the measured environmental factors (i.e., direct ordination). The reduction in 'fit' (cumulative variance in the species data explained by the ordination axes) from PCA to RDA indicates whether important environmental factors determining the species composition have been missed (ter Braak 1995) . Both methods also give insight into the order of importance of individual environmental factors in determining community structure. Also, RDA allows for testing the significance of the effect of single environmental factors (as difference between mounds and surroundings) on community structure.
The same type of multivariate analysis (PCA and RDA) was used to study variation in various architectural traits of C. arenaria (now the response variables instead of species abundances) in relation to environmental factors.
Results
Ant mounds and vegetation characteristics
The analysis of the plant species composition of mounds and the surrounding matrix revealed that the two microhabitats differed in plant species richness and plant community composition. The species richness of higher plants (forbs, sedges and grasses) was larger in the surrounding matrix (F 1,9 =24.20, p=0.001), while species richness of mosses and lichens was higher on the mounds (F 1,9 =25.45, p=0.001 and F 1,9 =7.364, p= 0.024, respectively). Carex arenaria showed a strong affinity for mounds (F 1,9 =33.45, pB0.001), while Festuca rubra was more abundant in the surrounding matrix (F 1,9 =10.47, p= 0.01). In addition, Festuca filiformis Pourr., and the mosses Pleurozium schreberi (Brid.) Mitt., Ceratodon purpureus (Hedw.) Brid., and Dicranum scoparium Hedw. were more abundant on the mounds, while Agrostis sp. L., Holcus lanatus L., Luzula campestris (L.) DC, and the moss Rhytidiadelphus squarrosus (Hedw.) Warnst. preferred the surrounding matrix. Within each microhabitat (mound and surrounding) exclusion of grazing for one summer (using the grazing cages) did not have any significant effect on the plant community composition (results not shown). There was more bare soil on the mounds than in the surrounding matrix (F 1,9 = 47.28, pB0.001) . In the field, the aboveground biomass of C. arenaria was considerably higher on the mounds than in the surrounding matrix (Table 1) .
In the field, the clonal architecture of C. arenaria differed in many respects between mounds and the surrounding matrix (Table 2) : the number of nodes without shoots per cm rhizome length was larger in the surrounding plots, while the numbers of nodes leading to shoots, nodes per cm rhizome, living, dead and total number of shoots per cm rhizome, and living shoots and total no. of shoots per shoot-bearing node were larger in the mounds. Internodes were shorter in the mounds. PCA of the architectural data of C. arenaria revealed that the first two axes explained 78% of the variation in architecture between samples. In the direct gradient analysis (RDA) the first two axes explained 61%. Thus, 17% of the total variation in architecture was not explained by the mound-surrounding and measured environmental factors. The architecture of C. arenaria was significantly different between mound and surrounding plots (RDA, Monte Carlo permutation test, F =14.72, p= 0.005, Fig. 2 ). When mound vs surrounding was omitted as an environmental factor, the explained variation was still 55%. The measured soil factors thus explained most of the effect of mounds and surrounding on Carex architecture. Stepwise selection of predictors indicated that soil nitrate concentration was the best explanatory variable (F=7.40, p= 0.010). The other variables explained no independent variation from this factor due to strong correlations among the soil factors.
Vegetation height and mound-building activity
The mound-building activity of the ants was larger when cattle and rabbits were absent (within the grazed cages) than under their presence (grazed). The mounds had a taller vegetation early in the season, but the differences with the surrounding vegetation decreased throughout the growing season (Fig. 3A) . Analysis of covariance revealed that the soil surface of ungrazed mounds was elevated significantly faster than of grazed mounds (time ×grazing treatment interaction F 1,2516 = 5.402, p = 0.02, Fig. 3B ). Also, the mean incident Table 1 . Above-ground biomass of Carex arenaria and other plant species on mounds (n =10) and in the surrounding matrix (n =10), each plot 25×50 cm 2 . F= F-ratio from one-way ANOVA with site as fixed and block as random factor, df = 1, 9 and p =significance value. Table 2 . Carex arenaria architecture in the field in ten mound and ten surrounding plots (with ten replicate shoots from each plot). F=F-ratio from one-way ANOVA: site as fixed and block as random factor, df =1, 9 and p =significance value. Different letters denote significant differences (pB0.05) between groups of four means. Nodes are divided into two groups: nodes without shoots (undeveloped/dead buds, dead/broken-off branches, very young growth) and nodes leading to shoots. See Methods for further details on architecture. Fig. 4 ). In addition, in plots where cows (voles +rabbits present) and cows and rabbits (voles present) had been excluded for five years, the ant mounds were significantly taller than where cows, rabbits and voles had remained present (F 2,8 =10.06, p= 0.007, Fig. 5B ). The vegetation height differed significantly in all three plots (F 2,8 =18.27, p=0.001) and was shortest where all three grazers were present (Fig. 5A ).
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Soil properties
The soil properties of the mounds differed in several respects from those of the surrounding matrix (Table  3 ). The bulk density and moisture content were significantly lower in the mounds, whereas the pH was significantly higher. Differences in organic matter and nutrients sometimes depended on whether values were expressed on a per volume or per dry weight basis. The amounts of organic matter (g/ml) and total N and P (mmol/l) were significantly lower in mounds than in the surrounding soil. Nitrate (mg/kg), the proportion of nitrate of extractable N, phosphate (mg/kg and mg/l) and total P (mmol/kg), on the other hand, were significantly higher in the mound soil than in the surrounding. Sterilisation affected only the form of extractable nitrogen, while having no effect on the other soil properties. Nitrate was lower and ammonium and total extractable nitrogen were higher after sterilisation (Table 3) .
Nematodes
Fewer plant-parasitic nematodes were present in the ant mounds than in the surrounding matrix and the densities of Coslenchus/Aglenchus and fungivores were also significantly lower in the mounds (Table 4 ). The maturity index was significantly lower in the mounds. The total nematode densities did not differ significantly between mounds and the surrounding matrix. Indirect ordination (DCA) based on the nematode species composition revealed that the length of the longest gradient was 1.624, meaning that a linear ordination model is most suitable in this case (ter Braak 1995). We thus performed principal component analysis (PCA) and found that the first two ordination axes together explained 32% of the variance in the species data. Bacterivores tended to be more numerous in mounds, while plant-parasitic nematodes were more abundant in the surrounding soil (Fig. 6 ). Mound and surrounding plots differed significantly in their nematode composition (RDA, Monte Carlo permutation test, F= 2.962, p= 0.005). The cumulative variance explained by the first two axes in the direct ordination (RDA) was 27.2%. This percentage is nearly as high as the 32% explained by the PCA, thus important predictors of variation in nematode composition were indeed measured in this study. When microhabitat (mound vs surrounding) was left out from the analysis, the same amount of variation in the nematode species composition was still explained by the environmental factors alone (explained variance also 27.2%). Stepwise selection of predictors indicated that pH (F= 3.12, p = OIKOS 90:3 (2000) 0.005) and moisture (F=1.54, p=0.05) best explained the differences in the nematode fauna. All other soil properties were strongly correlated with these factors. We conclude from these analyses that the measured soil factors had an important effect on the nematodes and that the ants indirectly affect the nematodes through their effect on these soil factors and through their effect on the plant community.
Bioassay
In the bioassay in the greenhouse, sterilisation had a positive effect on biomass production in both Carex arenaria and Festuca rubra, indicating a net negative effect of soil biota on plant performance (Table 5 ). The biomass production of shoots, roots and the total biomass production of F. rubra was reduced less in Fig. 2 . Ordination (PCA) of Carex arenaria architectural features in relation to mound (M) and surrounding (S) (each point (1 -10) represents a replicate plot), total number of plant parasitic nematodes (ppnem) and various soil properties. The further apart two plots (squares) are, the more different the architecture of C. arenaria was between these plots. The arrows indicate the direction of change in soil properties in ordination space. The position of the stars (architectural features) projected perpendicular on the arrows shows how traits change along the observed environmental gradients. Abbreviations: nh3 =nitrate, nh4 = ammonium, po4= phosphate, orgmat =organic matter, bulk=bulk density, totaln= total nitrogen, totalp= total phosphorous. Scaling according to inter-species distances, centred and standardised by species, all variable normalised before the analysis. See Methods for further details of the variables and the analysis. = ungrazed mounds, = grazed mounds, = ungrazed surrounding plots, =grazed surrounding plots, 80 plots in total (plots 1-8, Fig. 1A ). Until 15 May the vegetation was significantly higher on mounds (closed symbols) than in surrounding plots (open symbols), while after 17 June the vegetation was significantly higher in ungrazed plots (circles) than in grazed ones (squares) (ANOVA, pB0.05).
Discussion
In our study we found various lines of evidence that direct and indirect interactions between above-and belowground organisms are important for small-scale spatial mosaics in plant communities and plant species richness. We found that plants, vertebrate herbivores, ants, nematodes and other soil organisms are part of a complex interaction web, in which various interactions operate through effects or organisms on chemical and physical soil properties, and on the vegetation structure (Fig. 7) .
Aboveground herbivores, vegetation height and mound-building activity
We found a clear relationship between aboveground herbivores, the height of the vegetation and the digging activity of the ants. Grazing reduces the height of the vegetation ( Figs 3A, 5A) , and a shorter vegetation reduces the mound-building activity of the ants (Figs 3B, 4) . This is supported by the observation that the long-term exclosure of larger aboveground grazers led to significantly higher ant mounds (Fig. 5B) . Various other studies support the hypothesis that soil temperature is the operating variable in this interaction, by being lower in tall vegetation, while the ants try to maintain soil temperature at a high level. Firstly, studies of optimal brood-rearing temperatures (high soil temperatures needed) and the fact that ants have been observed to move the brood around in response to the mound soil than in soil from the surrounding matrix. The biomass production of C. arenaria, on the other hand, was equally reduced in both soil types, except for the rhizomes. C. arenaria seedlings established less well than seedlings of F. rubra. The production of rhizomes was reduced significantly more in surrounding than in mound soil. Moreover, the number of shoots per surviving genet of C. arenaria was significantly higher in unsterilised soil from the mounds than in unsterilised surrounding soil. Thus, vegetative reproduction of C. arenaria seemed to be inhibited more by soil biota in the surrounding soil than in the mound soil. There was also a large variation in the reduction values in different plots (minimum and maximum values, Table 5 ), pointing at large small-scale spatial variation in the negative effect of soil biota on plant performance.
Pearson's correlations between the shoot biomass production of C. arenaria (in the unsterilised treatments) in the greenhouse and the shoot biomass production in the field did not reveal any significant trends, neither on mounds (r= −0.029, p=0.93) nor in the surrounding matrix (r= −0.085, p= 0.82). and King 1991). The resulting low moisture content is probably one of the more important limiting factors for many plants, including the shallow-rooted Festuca rubra (King 1977a) . In addition, the availability of bare soil where plant competition is limited, in combination with the smothering effect of the soil heaping, is probably a particularly important determinant of the plant species composition.
The influence of ants on nematodes
By building mounds, ants create a new soil microhabitat for soil dwelling nematodes, with low initial nematode densities and with deviating physical and chemical soil properties. Transport of sand grains is also known to reduce numbers of nematodes, as well as numbers of fungal colony-forming units (de Rooijvan der Goes et al. 1997) . Recolonisation from deeper soil layers and the surrounding undisturbed soil is possible, but may lag behind the continuous soil heaping by the ants (responding to mound erosion). Mound-building activity may prevent the nematode community in the mounds to achieve an equilibrium with the community in the surrounding and underlying soil. This is reflected by the Maturity Index, a community parameter based on the lifestrategies of the constituent nematode taxa (Bongers 1990) , which was found to be lower in the mounds than in the surrounding soil. Closer analysis reveals that the mounds contain more 'enrichment opportunists', indicating a higher microbial activity, and a lower dominance of persisters (K-strategists in the loose sense).
In the mounds, the densities of fungivores and plant feeding nematodes are significantly lower (Table  4) , while bacterivores tend to be more abundant than in surrounding soil (Fig. 6) . The higher abundance of fungal feeders in the surrounding soil may be related to the higher decomposition rate of plant roots by fungi and higher organic matter content in the surrounding (Stanton 1988) . The multivariate analyses indicated that the soil properties explain practically all the (explained) variation in the nematode composition, also for plant-pathogenic species. At first hand, this may seem strange as several studies indicate that plant-pathogenic nematodes are much more sensitive to the vegetation features (presence and productivity of host plants and root architecture) than to soil physical and chemical factors (Yeates 1987 , Stanton 1988 , Mortimer et al. 1999 . If this is true also in the system we studied, the high statistical correlation between soil abiotic factors and nematodes may represent an indirect effect possibly operating via the relation between soil abiotic factors and vegetation characteristics. position of the sun (King 1977b, Woodell and King 1991) show that the ants respond rapidly to changes in soil temperature. Secondly, it has been observed that ants abandon their nests when the vegetation becomes too tall (Pontin 1963 , Wells et al. 1976 ). We thus conclude that aboveground herbivores facilitate for ants on a large spatial scale, while affecting their digging activity on a small spatial scale by creating vegetation height differences.
The influence of ant mounds on abiotic soil properties
Ant mounds affect the soil abiotic factors in several ways (Table 3) , which results in a small-scale mosaic of patches differing in their soil properties. As also found in other studies (King 1981 , Woodell and King 1991 , Dean et al. 1997 , we found that mounds were drier and had a lower bulk density than the surrounding matrix. The lower bulk density is obviously a result of the digging activity of the ants, by which they create a very loose soil structure with tunnels and chambers leading to higher evaporation (Woodell OIKOS 90:3 (2000) Table 3. Differences in abiotic soil properties between sterilised and unsterilised soil from mounds and the surrounding matrix (four categories, ten replicates (plots) in each category). Concentrations are expressed on both a per dry weight and per volume basis. Different letters denote significant differences (pB0.05) between the means (one-or two-way ANOVA: soil type and sterilisation as fixed factors, block as random factor, followed by Tukey's contrast). Soil properties depicted in bold are significantly different between mounds and surrounding plots, averaged over the sterilisation treatments (as a main effect in the ANOVA). 
Differential responses of plant species to ant mounds
Through their effects on soil properties and the soil biota the yellow ants create patches, which are distinct from the surroundaaing matrix. This results in a different vegetation composition in the two micro-habitats. Previous studies have shown that typical ant mound plants include mosses and many r-selected short-lived species, especially winter annuals, and perennials which are capable of growth through heaped soil, while rosette perennials and tussock grasses seldom succeed in persisting on ant mounds (King 1977a, c, Woodell and King 1991) . We found that mosses and lichens showed an overall preference for mounds, while higher plants tended to prefer the surrounding matrix. A large variation exists, however, between different species. As shown by both the biomass values at the end of May (Table 1) and by the vegetation analysis at the end of July, Carex arenaria is doing extremely well on mounds. Festuca rubra, on the other hand, is more abundant in the surrounding matrix.
The fact that C. arenaria is doing extremely well on ant mounds (Table 1) can also be concluded from its morphological differences between the two micro-habitats (Table 2, Fig. 2 ). The observed patterns are consistent with a foraging and/or an escape response. Foraging theory predicts that clonal plants should decrease their internode length and/or increase their branching frequency when they grow in favourable environments. Conversely, the production of longer internodes and the activation of fewer buds are predicted under unfavourable conditions (see, e.g., de Hutchings 1995, Huber-Sannwald et al. 1998) . In the field, we observed that C. arenaria rhizomes were present as a continuous underground network, but that this species reacted to the mounds by producing shorter internodes and more shoots, while producing rhizomes with long internodes and fewer shoots in the surrounding matrix (Table 2) . To our knowledge, this is the first time that a shortened internode length under favourable conditions has been recorded in a Carex species. Instead, the internode length in rhizomatous species is generally unresponsive to environmental conditions, and if the internode length does change it usually becomes longer, as predicted by the 'growth hypothesis' (larger organs in favourable environments) (Carlsson and Callaghan 1990 , de Kroon and Knops 1990 , Dong et al. 1996 , Stoll et al. 1998 , D'Hertefeldt and Jó nsdó ttir 1999 . Factors which have been shown to affect the morphology of Carex arenaria include nitrogen and phosphate (Noble and Marshall 1983) and soil-borne pathogens (D'Hertefeldt and van der Putten 1998). However, at this point, our data do not permit us to draw any definite conclusions regarding which factors could be responsible for the observed morphological differences between mounds and the surrounding matrix.
Possible impact of soil organisms on the vegetation
If soil-borne pathogens were an important factor governing the abundance of these plant species in the field (where Carex arenaria grew luxuriantly on the mounds Table 4. Nematodes densities (per 100 ml) in ant mounds (n =10) and in surrounding plots (n = 10). Values were log(x+1) transformed before analysis. F= F-ratio from one-way analysis of variance: soil type as fixed and block as random factor, df=1, 9 and p= significance value. Means with the same letter were not significantly different between mound and surrounding soil. and Festuca rubra was more abundant in the surrounding matrix), we would expected that C. arenaria would do better in unsterilised mound soil, while F. rubra would do better in unsterilised surrounding soil. Also, sterilisation of surrounding soil would be expected to benefit C. arenaria, while sterilisation of mound soil would be expected to benefit F. rubra. We found that both species produced more biomass in sterilised than in unsterilised soils, indicating a negative net effect of soil biota on our test species in all soil origins. C. arenaria was indeed more hampered in its clonal growth (rhizome biomass, number of tillers per genet) by soil organisms in the surrounding soil than by soil biota in the mound soil. However, the differences in total biomass production to soil biota did not fit the expectations outlined above. Total biomass production of F. rubra was hampered more by soil biota in the surrounding soil than in mound soil. For C. arenaria, the reduction in total biomass between soil biota from mound soil and surrounding soil was about equal (Table 5) .
Since the biomass production of C. arenaria in the greenhouse only partly corresponded to the production in the field and since the productivity of F. rubra in the greenhouse differed markedly from the distribution in the field, we conclude that soil pathogens alone cannot explain the differential distribution of these two species over mounds and the surrounding matrix. We suggest that C. arenaria may be particularly favoured by the high phosphate contents in the mounds and by its ability to withstand drought and burial. In addition, we observed on several occasions in the field how C. arenaria may rapidly invade mole hills, rabbit diggings and newly heaped ant mound soil, and we therefore conclude that fast clonal colonisers, such as C. arenaria, probably have a particular advantage in being the first coloniser of the mounds. Interaction between vegetative colonisation and soil biota may be important, as both the combined result from the bioassay and the field observations on rhizome structure indicated that C. arenaria was hampered in its clonal growth by soil biota. F. rubra might be limited by the low moisture content of the mounds (King 1977a , Grime et al. 1988 ). In addition, intolerance to burial and the restricted vegetative colonisation ability of F. rubra (H. Olff, L. S. Bakker pers. obs.) and competition from C. arenaria may restrict this species to the surrounding matrix. On the other hand, when ant mounds become stabilised, F. Arrows with a small angle are positively correlated factors, while factors in opposite directions are negatively correlated. The direction of the arrow for each factor gives the direction of change of that factor in ordination space, e.g., plot 10M will have the highest pH while plot 5S will have the lowest. Abbreviations: nh3 =nitrate, nh4 = ammonium, po4 =phosphate, orgmat = organic matter, bulk =bulk density, totaln = total nitrogen, totalp= total phosphorus. (B) Plots of the scores in the same ordination space of all nematode taxa. Species that are more closely together will be more frequently co-occurring with similar abundances in the same plots. Species data were ln(10n+ 1) transformed, scaling according to inter-sample distances, standardised and centred by species. Symbols used for feeding groups:
=plant feeders (1); = fungivores (2); = bacterivores (3); = carnivores (4); QUDS are omnivores (5).
OIKOS 90:3 (2000) Table 5 . Effect of soil type and sterilisation on the growth of Carex arenaria and Festuca rubra in a bioassay experiment. Different letters denote significant differences (pB0.05) between the means (two and three-way ANOVAs with species, soil type and sterilization as fixed and block as random factors, followed by Tukey's contrast). NS =non-sterilised, S =sterilised soil. 1) The mean number of surviving genets was lower for C. arenaria than for F. rubra (F 1,9 =5.44, p =0.045). There were, however, no statistically significant differences between different treatments (soil type/sterilisation).
2) All biomass variables were ln transformed before the analysis. 3) ANOVA: sterilisation effect F 1,9 = 23.42, p=0.001, site effect F 1,9 =7.307, p =0.024, site×sterilisation F 1,9 =3.532, p = 0.093.
4) The effect of sterilisation calculated as the proportional reduction in biomass before and after sterilisation according to the formula: 1 -(biomass unsterilised/biomass sterilised). Thus, the smaller the reduction value, the more similar the growth in sterilised and unsterilised pots. Negative values indicate that the growth was larger in unsterilised treatments than in sterilised ones (see also Methods).The values in the parentheses are minimum and maximum values, respectively. rubra may finally outcompete C. arenaria. Soil pathogens might play an indirect role in plant competition (van der Putten and Peters 1997), so that relative differences in sensitivity of both species to soil pathogens can be of ecological importance considering their competitive ability. An important additional result of our study is that we observed high small-scale variability in pathogen Fig. 7 . Schematic summary of the interaction web revealed by this study. Numbers refer to individual measurements and experiments (see Methods and Results). A + sign indicates the enhancement and a − sign the reduction of a certain property; + and − signs can be multiplied along a directional pathway to obtain the direction of indirect interactions. Negative impact of F. rubra on C. arenaria: E. S. Bakker unpubl. The dashed line (1 -3) indicates the overall (indirect) effects of the ant mounds on the vegetation.
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OIKOS 90:3 (2000) densities within each microhabitat. Also in the surrounding matrix, soil from some spots reduced plant growth in the greenhouse experiment much more than soil from other spots (see the large difference between maximum and minimum growth reduction values in Table 5 ). As a consequence, a mosaic of favourable and unfavourable patches apparently seems to exists within the two micro-habitats, which may lead to local temporary refugia for either Carex arenaria, Festuca rubra or both species.
Conclusion
We found evidence of the existence of complex direct and indirect interactions in grassland ecosystems that may contribute to the formation of small-scale spatial mosaics in plant community composition. Moundbuilding ants are a likely key component in this web, which involves organisms at different trophic levels. In addition, ants may be crucial in linking above-and belowground functional groups of herbivores. The ultimate effect of these interactions is the formation of a spatially heterogeneous mosaic of favourable and unfavourable patches, locally favouring some plant species while restricting others. Knowledge on this process of direct and indirect trophic linkages may be essential to understand patterns in biodiversity and spatial structure in grassland communities.
